Obesity has become epidemic worldwide and is especially pronounced in women of reproductive age, which is important because obesity is a major risk factor for preeclampsia and chronic hypertension. We hypothesized that vascular inflammation is critical to the pathophysiology of hypertension in obese individuals because obesity and hypertensive disorders share common features related to inflammation. To study this, we collected subcutaneous fat biopsies from normal weight, overweight, and obese women and stained the tissues for CD66b, a neutrophil marker, and for activated nuclear factor-kB (NF-kB) and cyclooxygenase-2 (COX-2) as markers of inflammation. We found that the number of neutrophils per vessel and the percentage and intensity of vessel staining for CD66b, NF-kB and COX-2 were greatest in obese women and least in normal weight women, and that neutrophil infiltration and vascular inflammation significantly correlated with body mass index (BMI) and blood pressure. These data may help explain the relationship between obesity and hypertensive disorders.
INTRODUCTION
The US Centers for Disease Control and Prevention ranks obesity as the number 1 health threat facing America. Obesity has become epidemic and is especially pronounced in women of reproductive age. In the United States, 28% of women aged 20 to 39 years are obese and 54% are either obese or overweight. 1 Obesity is a key risk factor for the development of hypertension. [2] [3] [4] The obesity epidemic among women of reproductive age is especially important because maternal overweight is a major risk factor for preeclampsia. 5, 6 Although obesity is a known risk factor for hypertension, the reason is not known. We considered the idea that vascular inflammation is critical to the pathophysiology of hypertension in obese individuals because obesity and hypertensive disorders share common features related to inflammation. Obesity is associated with oxidative stress, 7, 8 as well as with circulating markers of inflammation. [9] [10] [11] Chronic hypertension and preeclampsia are also associated with oxidative stress [12] [13] [14] [15] and circulating markers of inflammation. [16] [17] [18] [19] Obese and hypertensive individuals also share common features of dyslipidemia, hyperinsulinemia, insulin resistance, and impaired endothelial function. 3, [20] [21] [22] All these features are related to inflammation and altered vascular function that is consistent with the premise that obesity is a risk factor for hypertension because of vascular inflammation.
To study the relationship between obesity and vascular inflammation, we collected subcutaneous fat biopsies from normal weight, overweight, and obese women and used immunohistochemistry to evaluate the state of vascular inflammation. We examined neutrophil infiltration, and, because neutrophils release toxic compounds that can cause inflammation, we also determined vascular activation of nuclear factor-kB (NF-kB) and the expression of cyclooxygenase-2 (COX-2) as markers of inflammation. Data were analyzed according to weight categories and correlated with body mass index (BMI) and blood pressure.
MATERIALS AND METHODS

Study Participants
Subcutaneous fat biopsies were collected from nonpregnant women at MCV Hospitals, Virginia Commonwealth University Medical Center. Subcutaneous fat biopsies were used because subcutaneous fat is a highly vascularized tissue representative of the systemic vasculature. Fat biopsies (approximately 2 cm Â 2 cm Â 2 cm) were collected at the time of abdominal surgery at the incision site from women undergoing removal of fibroids or tissue biopsies. Patients were categorized by weight into the following groups: normal weight (BMI 18.5-24.9, n ¼ 5), overweight (BMI 25-29.9, n ¼ 7), and obese (BMI ! 30, n ¼ 10). Blood pressure was recorded for each participant at preoperation admittance by surgery registered nurses using a Drager Medical Infinity Delta Sphygmomanometer placed on the left arm with the participant supine and the sphygmomanometer at heart level. Cuff size varied depending on the size of the patient's arm. The first phase was used for systolic blood pressure and the fifth phase for diastolic blood pressure. Exclusion criteria included infection, active sexually transmitted diseases (STDs), diabetes, and inflammatory disease because these could impact vascular inflammation. Fat biopsies were placed immediately in 10% neutral buffered formalin. Informed consent was obtained prior to surgery. The Office of Research Subjects Protection of Virginia Commonwealth University approved this study.
Immunohistochemistry
Tissue was formalin-fixed, paraffin-embedded and cut into 10-mm sections. Tissues were stained for CD66b, NF-kB, and COX-2. CD66b is a granulocyte-specific membrane antigen that is upregulated and secreted on granulocyte activation. CD66b staining primarily represents neutrophils because they comprise 96% of the granulocyte population. The NF-kB antibody was directed against epitopes on the free p65 subunit, so our staining results reflect activated NF-kB.
On the day of staining, tissue sections were incubated in 3% H 2 O 2 in methanol for 30 minutes to quench endogenous tissue peroxidase. Antigen retrieval was performed by placing the slides in 10 mmol/L citrate buffer heated in a pressure cooker at low setting for 5 minutes. Tissues were stained with specific antibodies at room temperature using a Zymed SuperPicture kit (Zymed Laboratories, San Francisco, California) and 3,3 0 -diaminobenzidine (DAB) reagent that results in a brown stain. Slides were counterstained with alcian blue and methyl green. Tissues were stained with (1) a mouse immunoglobulin M (IgM) antihuman monoclonal antibody specific for CD66b (1:50; BD BioSciences, San Diego, California); (2) a rabbit antihuman polyclonal antibody specific for the p65 subunit of NF-kB (1:200; Zymed Invitrogen, San Francisco, California); and (3) a mouse IgG antihuman monoclonal antibody specific for COX-2 (1:400; Zymed Invitrogen). Negative controls for CD66b were stained with a mouse IgM monoclonal isotype control (1:50; BD BioSciences) and negative controls for NF-kB and COX-2 were stained with a mouse IgG monoclonal isotype control (prediluted; Zymed Invitrogen). Neutrophils isolated from whole blood by Histopaque density centrifugation served as a positive control for CD66b. Lymphoma tissue was used as the NF-kB positive control, and colon carcinoma tissue was used as the COX-2 positive control as recommended by Zymed Invitrogen.
Data Analysis
We analyzed vessels between 10 and 200 mm for percentage of vessels with staining, optical density of staining, and number of neutrophils per vessel. All vessels in the tissue section were analyzed at Â400, and the average values for each patient were used for statistical analysis. Lumen diameter and optical density of staining were measured for each vessel using image analysis software (IP Lab; Scanalytics, Inc, Fairfax, Virginia).
Statistical Analysis
Patient demographic data, density of staining, and percentage of vessels stained were analyzed for each antigen according to weight class by 1-way analysis of variance (ANOVA) with Newman-Keuls post hoc test or Kruskal-Wallis with Dunn's multiple comparison test if data were not normally distributed or variances were not equal. Regression analysis was performed to correlate vessel staining with BMI or blood pressure and to correlate NF-kB and COX-2 staining with CD66b staining. Sample size to evaluate a significant difference between antigen staining of vessels in obese versus normal weight groups with an a error of .05 (2-tailed test) and a power of 0.8 was estimated to be between 5 and 8 based on the variation and difference in means for CD66b and NF-kB in preliminary studies. Bar graph data are reported as mean + SE. A statistical software application was used (Prism 4 for Macintosh; GraphPad Software, Inc, San Diego, California).
RESULTS
Patient demographic data are given in Table 1 . There was no significant difference for patient age. Obese and overweight patients had significantly higher diastolic blood pressures than normal weight patients. Differences in systolic blood pressures did not reach statistical significance, perhaps due to use of hypertensive medications by some of the overweight and obese participants. Sixteen patients had normal diastolic pressures that ranged from 54 to less than 85 mm Hg, 2 patients had prehypertensive pressures of 85 to 89 mm Hg and 4 had hypertensive diastolic pressures of 90 mm Hg or greater. One overweight and 4 obese patients had chronic hypertension, 3 of which were taking hypertensive medications. Four of the hypertensive patients were black and 1 was white.
An average of 36 vessels was evaluated for each patient. The average result for each patient was used for statistical analysis. Figure 1 shows the data for CD66b, NF-kB, and COX-2 for percentage vessels stained and optical density according to weight categories. Obese patients had significantly more staining for all 3 antigens than normal weight patients. Overweight patients had significantly more staining for CD66b and NF-kB than normal weight patients. Percentage vessel staining was significantly correlated with BMI for all three antigens (Figure 2) , as was optical density (CD66b, r ¼ .53, P < .05; NF-kB, r ¼ .68, P < .001; COX-2, r ¼ .59, P < .01). The percentage vessels stained for NF-kB and COX-2 were significantly correlated with the percentage vessels stained for CD66b ( Figure 3 ). Vessel staining was not correlated with the age of the patient.
The number of neutrophils per vessel was associated with the weight of the patient (Figure 4 ). Obese patients had significantly more neutrophils per vessel stained for CD66b than normal weight patients (6.5 + 0.7 vs 2.1 + 0.7, respectively, P < .05). The number of neutrophils/vessel was significantly correlated with BMI (r ¼ .48, P < .05) and with diastolic blood pressure (r ¼ .53, P < .05). Nuclear factor-kB and COX-2 staining also identified leukocytes, including neutrophils, within the vessels. Most of the stained leukocytes were neutrophils, based on CD66b staining, but some could also be lymphocytes or monocytes. The number of NF-kB stained leukocytes per vessel was significantly greater for obese and overweight patients than for normal weight patients. The number of leukocytes per vessel identified by NF-kB and COX-2 were significantly correlated with BMI (r ¼ .70 and r ¼ .60, P < .001 and P < .01, respectively), as well as diastolic blood pressure (r ¼ .46 and r ¼ .49, P < .05, respectively). Figure 5 shows the correlation of diastolic blood pressure with BMI and vessel staining for CD66b, NF-kB, and COX-2. Diastolic blood pressure was significantly correlated with BMI and vessel staining for all three antigens. As diastolic blood pressure increased, the percentage of vessels stained also increased. Systolic blood pressure was significantly correlated with vessel staining for CD66b (r ¼ .58, P < .01) and activation of NF-kB (r ¼ .54, P < .01). Figure 6 shows representative examples of vessel staining for CD66b (row 1), NF-kB (row 2), and 
DISCUSSION
In this study, we evaluated systemic blood vessels in subcutaneous fat of normal weight, overweight, and obese women for neutrophil infiltration and vascular inflammation. We found that neutrophil infiltration and vascular inflammation progressively increased with the weight group of the patients. Obese women had more staining than overweight women and overweight women more staining than normal weight women. When stratified according to BMI, the percentage of vessels with neutrophil infiltration and vascular inflammation was significantly correlated with the patient's BMI. Obese women had the greatest amount of neutrophil involvement with the vessels. Neutrophils were observed to be flattened and adhered to the endothelium and infiltrated to the vascular smooth muscle. Overweight women showed similar types of neutrophil involvement but not to the same degree. Obese women also showed the greatest amount of vascular inflammation as indicated by activation of NF-kB and increased expression of COX-2. Activated NF-kB and increased expression of COX-2 were present in the endothelium, as well as in the vascular smooth muscle, of obese women. Staining for NF-kB and COX-2 were highly correlated with staining for CD66b, suggesting that vascular inflammation was due to the infiltration of neutrophils because neutrophils release inflammatory substances. This is further supported in that vascular inflammation was positively correlated with the number of neutrophils per vessel. Number of neutrophils per vessel was also significantly related to weight category and correlated with BMI.
To assess the risk of hypertension, we determined whether blood pressure was correlated with vessel staining. We found that diastolic and systolic blood pressures were significantly correlated with neutrophil infiltration and vascular inflammation. Neutrophils produce several inflammatory mediators, such as TNFa, as well as substances that could cause vasoconstriction or enhance vessel reactivity to vasoconstrictors. One of these substances is reactive oxygen species (ROS). We recently reported that ROS markedly enhanced vessel reactivity to angiotensin II via activation of the RhoA kinase (ROK) pathway. 23 The ROK has been shown to play a critical role in hypertension, 24, 25 so neutrophil infiltration into the vasculature and release of ROS could result in increased blood pressure. Neutrophils might also cause vasoconstriction or enhance vessel reactivity by release of thromboxane or by inactivating nitric oxide, either by release of myeloperoxidase that consumes nitric oxide 26 or release of superoxide that combines with nitric oxide to form peroxynitrite.
The neutrophil infiltration and vascular inflammation observed in obese women in this study was very similar to that previously observed in women with preeclampsia. 27, 28 The similar vascular phenotypes may explain why obesity is a risk factor for preeclampsia.
The current study is the first to report direct vascular inflammation and neutrophil infiltration in obese women and to show that this correlates with increased weight and increased blood pressure. These findings may help explain the relationship between obesity and hypertensive disorders, such as chronic hypertension and preeclampsia.
Normal
Overweight Obese . Correlation of diastolic blood pressure with BMI and % vessel staining for CD66b, NF-kB and cyclooxygenase-2 (COX-2). Blood pressure was significantly correlated with BMI and with neutrophil infiltration. Figure 6 . Representative examples of antigen staining in resistance sized vessels of subcutaneous fat. Column 1, normal weight; Column 2, overweight; Column 3, obese. Row 1, CD66b: panel a shows two vessels from a normal weight women with no neutrophil staining for CD66b. Panel b shows moderate staining of neutrophils with CD66b in the lumen, adhered on endothelium and infiltrated into a vessel of an overweight women. Obese women had the most staining for CD66b. Panel c shows extensive staining of neutrophils in the lumen, adhered on endothelium and infiltrated into two vessels of an obese women. Row 2, NF-kB: Normal weight women had little staining for NF-kB (Panel d), overweight women had staining in the endothelium and in the vascular smooth muscle of the majority of their vessels (Panel e), obese women had extensive and intense staining for NF-kB in the endothelium and vascular smooth muscle of almost all of their vessels (Panel f). Row 3, cyclooxygenase-2 (COX-2): Both normal weight and overweight women showed moderate staining for COX-2 (Panels g and h). Obese women had the most intense staining for COX-2 and the staining was present in most vessels (Panel i). Leukocytes within the vessels also stained for NF-kB and COX-2. A indicates adipocytes; VL ¼ vessel lumen. All images are Â400. Red scale bar is 50 mm.
